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Regional left ventricular work is a more precise indicator of 
function than is simple shortening fraction. Regional work 
of the ventricle normalized to a unit volume of myocardium 
(RWM) is given by the following equation: RWM = 
- J ud[ln(1/H)], where uis the mean wall stress and In(llH) 
is the natural logarithm of reciprocal of wall thickness. This 
method has been previously validated in animal experi-
ments and it is now extended to the clinical setting for the 
first time. 
In 10 normal subjects and 6 patients with anteroseptal 
myocardial infarction, ventricular minor axis and wall 
thickness were measured by echocardiography and re~ 
corded simultaneously with high fidelity left ventricular 
pressure. Then, regional work of the interventricular sep-
tum and of the posterior wall of the left ventricle was 
Myocardial work is a measure of myocardial function that 
correlates well with myocardial oxygen consumption (1,2). 
In diseases such as coronary artery disease that affect the 
myocardium heterogeneously, myocardial work may vary in 
different regions of the left ventricle. A measure of regional 
work has been demonstrated to be useful in analyzing 
regional dysfunction (3) and would be useful in assessing the 
regional oxygen supply-demand relations in patients with 
coronary disease. Further, because external work is the 
product of afterload (as quantified by pressure or stress) and 
shortening excursion, it better accounts for afterload than 
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calculated from the measured pressure and dimension data. 
In normal subjects, regional work of the septum and 
posterior wall was 6.1 ± 1.7 and 7.0 ± 1.8 mJ/cm3 , 
respectively; the average of the septal and posterior wall 
regional work multiplied by the left ventricular myocardial 
volume correlated well (r = 0.93) with the total mechanical 
work done by the entire left ventricle. 
In patients with anteroseptal infarction, septal regional 
work was greatly reduced (0.6 ± 1.7 mJ/cm3), compared 
with posterior wall regional work in the same patients (6.1 
± 1.8 mJ/cm3). This simple method can be applied clini-
cally in assessing the functionru state of different regions of 
the myocardium. 
(J Am Coll CardioI1988;12:1442-8) 
does simple shortening fraction in the evaluation of left 
ventricular function. Thus, regional work should be better 
than shortening fraction as an indicator of ventricular func-
tion. 
Various attempts have been made to express the regional 
work done by ischemic and nonischemic regions of the 
ventricle using the pressure-segment length relation or the 
stress-segment length relation (3-7), However, there are 
significant methodologic limitations in measuring ventricular 
regional segment length clinically. Further, previous meth-
ods did not express regional work in a true dimension of 
work (that is, joule) but expressed only relative changes in 
work. To express regional work in physically correct dimen-
sion, we previously proposed the use of the relation between 
the isotropic wall tension (T) and the area (A) of a region of 
interest of the ventricular wall and validated the method in 
animal experiments (8). The validity of this method was also 
confirmed by Goto et al. (9). To normalize regional work to 
a unit volume of myocardium, we have also proposed the use 
of the relation between mean wall stress (0') and area strain 
(the natural logarithm of area), which is derived directly 
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from the tension-area relation (10,11). However, the mea-
surement of regional area is, like local segment length, 
difficult in the clinical setting; thus, we have proposed the 
use of reciprocal of wall thickness in place of area (10). 
With the use of the assumption that the myocardium is 
incompressible throughout one cardiac cycle (12,13), the 
reciprocal of wall thickness (1/H) at a point on the epicardial 
surface is proportional to the regional area containing that 
point. Therefore, instead of the u - In A relation, the u -
InO/H) relation provides a method of calculating regional 
work normalized to unit volume of myocardium (10,11). 
Because regional wall thickness (H) is easily measured by 
echocardiography at a single epicardial-endocardial segment 
in the region of interest, this method is more easily applied 
clinically than are those methods that require the measure-
ment of regional length or area. 
The purpose of this study was to semi-noninvasively 
evaluate the regional work done by a unit volume of myo-
cardium of the left ventricle. We studied normal subjects 
without regional wall motion abnormalities and also patients 
with anteroseptal myocardial infarction who had prominent 
septal wall motion abnormalities. 
Methods 
Theoretical background. Total external left ventricular 
work (TW) is described by the area surrounded by the 
ventricular pressure-volume loop. 
TW= - J Pdv, [l] 
where P = left ventricular pressure and V = left ventricular 
volume (14,15). However, to examine a region of interest of 
the myocardium, stress (u) instead of pressure and the area 
strain (change in the natural logarithm of the area [A] of 
interest d[ln AD of the region instead of volume are used 
(10,11). The mathematic description for regional work of the 
myocardium per unit volume of myocardium (RWM) is: 
RWM = - J ud (InA). [2] 
The area of the region of interest of the myocardium is 
difficult to measure clinically. The following explains how 
thickness (H), a variable easily measured echocardiographi-
cally, can be substituted for area (A). The myocardium is 
incompressible (12,13). Thus, the volume of the region of 
interest (Vm) is constant as shown in Figure 1: 
Vm = A x H, [3] 
where H = the thickness of the myocardium. Although A 
and H vary throughout the cardiac cycle, Vm remains 
constant. 
Transposing the terms of equation [3] to: 
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Figure 1. Schematic illustration of the imaginary frustum of myo-
cardium that has a volume of V m. V m = the product of the area (A) 
and thickness (H) of the frustum (Vm = A x H). Although A and H 
vary during the cardiac cycle, their product Vm is constant because 
the myocardium is incompressible. A = midwall layer of the 
frustum; H = wall thickness measured along I; I = a straight line 
perpendicular to the epicardial surface and passing through a 
selected point O. 
A = Vm/H, [4] 
then 
RWM = - J ud (In VrnlH); [5] 
but because Vm is constant one can substitute lIH for Vm/ 
H inside the differential yielding the equation: 
RWM = - J ud (In I/H). [6] 
For simplicity a spherical model of the left ventricle was 
used to calculate stress. Stress (u) was defined as P x D/4H, 
where P = ventricular pressure, D = ventricular diameter 
and H = wall thickness. Because the left ventricle is 
generally considered to be a prolate ellipse and not a sphere, 
some error is introduced by our assumption of a spherical 
shape (8). This error is detailed in Appendix 1. 
The area that is surrounded by the u -In(1/H) loop during 
a cardiac cycle is equal to regional work per unit volume of 
myocardium (Figs. 2 and 3, bottom). If the loop rotates 
counterclockwise, the region performs positive work. If the 
loop rotates clockwise, the region performs negative work; 
that is, work is done on that region by the surrounding 
myocardium. 
The total work performed by the entire left ventricle is 
calculated from equation (1). To calculate left ventricular 
volume (V), an ellipsoid model in which the ratio of the short 
axis to the long axis is 0.5 was used: 
[7] 
The left ventricular myocardial volume (LVM) was calcu-
lated from the following equation (16): 
LVM = 4/3 7T [D + (Hs + Hp)/2][D12 + (Hs + Hp)/2f - V, [8] 
where Hs is the ventricular septal wall thickness and Hp is 
the posterior wall thickness. 
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Figure 2. The left ventricular (LV) pressure-volume curve (top) and 
the mean wall stress-natural logarithm of the reciprocal of wall 
thickness (u-ln[1/H]) loops (bottom) for the ventricular septum 
(solid line) and the posterior (post.) wall of the left ventricle (dotted 
line) obtained from a normal subject. 
Study patients. Sixteen patients were selected for this 
study. Eight patients were referred to the catheterization 
laboratory because of a chest pain syndrome but subse-
quently demonstrated normal ejection fraction, had no sig-
nificant coronary disease and no regional wall motion abnor-
mality. Two additional patients showed stenosis of 75% and 
Figure 3. The pressure-volume (top) and mean stress-natural loga-
rithm of the reciprocal of wall thickness (-In[llH]) loops (bottom) of 
the ventricular septum (solid line) and the posterior wall of the left 
ventricle (dotted line) obtained from a patient with an anteroseptai 
infarct. Abbreviations as in Figure 2. 
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90%, respectively, of the luminal diameter in the left anterior 
descending coronary artery but had no ventriculographic 
regional wall motion abnormalities. These two patients were 
included in the normal wall motion group. 
Six patients had previous anteroseptal myocardial infarc-
tion established by at least two of the following criteria: 1) 
history of characteristic chest pain; 2) electrocardiographic 
(ECG) changes with evolution of Q waves in the anterior 
chest leads; and 3) elevation of serum creatine kinase. The 
studies were performed> 1 month after the infarction. In all 
six cases biplane ventriculography demonstrated anteroap-
ical and septal wall motion abnormalities. Although four of 
these six patients had coronary lesions in addition to those in 
the left anterior descending artery, none had abnormalities 
of left ventricular wall motion in areas supplied by the other 
coronary arteries. These six patients represent the antero-
septal infarct group. 
Data collection. After routine diagnostic cardiac catheter-
ization, left ventriculography and coronary cineangiography, 
a micromanometer-tipped catheter was inserted into the left 
ventricle. Then, echocardiography was performed with a 
phased-array scanner (Toshiba Sonolayer SSH60A) with a 
2.25 MHz transducer. The transducer was placed in the third 
or fourth intercostal space at the left sternal edge, and a 
short-axis view of the left ventricle at the level of the 
papillary muscles or the mitral valve was obtained. The 
M-mode cursor was positioned centrally in the two-di-
mensional image of the short-axis cross section of the 
left ventricle, and the derived M-mode image was recorded. 
The left ventricular pressure was recorded simultaneously 
with the M-mode echocardiogram at a paper speed of 100 
mmls. 
Data analysis. The left ventricular pressure and echo-
cardiographic recordings were digitized over one cardiac 
cycle with the use of a hand-controlled cursor (Tectronix 
TEX4662A). The data were fed into a computer system 
(Data General ECLIPSE MV/SOOOII), and u -In(l/H) rela-
tions for the ventricle and the pressure-volume curve were 
delineated by a digital plotter. The regional work per unit 
volume of myocardium of the ventricular septum and poste-
rior wall and total mechanical work and left ventricular 
myocardial volume were calculated. The percent of the 
difference of work (%ilRW) between the posterior wall and 
interventricular septum was calculated as (RWMp-RWMs)/ 
RWMp x 100, where RMWs is septal regional work and 
RWMp is posterior wall regional work. 
Statistics. The data are expressed as mean ± SD. Com-
parisons between regional septal work and regional left 
ventricular posterior work in the same patients in each group 
were made using a paired Student's t test. When the percent 
difference of work in the anteroseptal infarct group was 
compared with that of the normal group, an unpaired t test 
was performed. Correlation of regional work per unit volume 
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Figure 4. Original recordings of the left ventricular pressure (L VP) 
and M-mode echocardiogram from the normal subject shown in 
Figure 2 (top) and the tracings digitized with the hand-controlled 
cursor (bottom). IVS = interventricular septum; L VPW = left 
ventricular posterior wall. 
times left ventricular myocardial volume and total mechan-
ical work was made using least square linear regression. To 
compare this regression line with a theoretical line derived 
from ellipsoid wall stress, the 95% confidence band for the 
regression line was determined. 
Results 
Normal group versus anteroseptal infarct group. Figure 4 
reproduces a representative original recording of the left 
ventricular pressure and the M-mode echocardiogram ob-
tained from a normal subject (Case 1) and the tracings 
digitized with the hand-controlled cursor. Figure 2 shows the 
global pressure-volume curve and the regional work [0' 
-In(1/H)] loops of the ventricular septum and the posterior 
wall obtained from the same patient in Figure 4. The two 
regional loops showed similar behavior indicating that the 
septal regional work and the posterior wall regional work 
were essentially equal. Figure 3 reproduces the global pres-
sure-volume loop and the regional work (0' -In[l/HD loops 
obtained from the patient with anteroseptal infarction (Case 
12). The mean stress-natural logarithm of the reciprocal of 
wall thickness (In[l/HD of the interventricular septum in-
creased during systole and decreased during the isovolumic 
relaxation phase of diastole. In contrast, the posterior wall 
shows the normal pattern. The septal regional work was 1.5 
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mJ/cm3, whereas the posterior wall regional work was 4.2 
mJ/cm3 • 
Regional work of septum versus posterior work in normal 
and infarct groups. The values for the septal regional work, 
posterior wall regional work, percent difference between 
septal and posterior wall regional work, regional work RWM 
(average of septal regional work and posterior wall regional 
work) multiplied by left ventricular myocardial volume 
(L VM), total mechanical work and the left ventricular ejec-
tion fraction in the study patients are shown in Table 1. In 
the normal group, septal regional work was slightly lower 
than the posterior wall regional work (6.1 ± 1.7 versus 7.0 ± 
1.8 mJ/cm3 ; p < 0.005). However, the percent difference of 
work between the septum and posterior wall was small. In 
the anteroseptal infarct group, the regional work of the 
septum ranged from - 3.1 to + 2.1 mJ/cm3 (average 0.6 ± 
1.9). The septal regional work was remarkably reduced 
compared with posterior wall regional work (p < 0.001) (Fig. 
5). In one case (Case 11), the O'-In(1/H) loop rotated 
clockwise and the septal regional work was negative. The 
percent difference of work of the anteroseptal infarct group 
ranged from 64 to 165% (average 93 ± 37%). 
Figure 6 shows the relation between the product of 
regional work and left ventricular mass (RWM x L VM) and 
total mechanical work in the normal group together with the 
95% confidence bands. The plot of (RWM x LVM) against 
total mechanical work (TW) was closely located along the 
linear regression line [(RWM x LVM) = 0.68 TW - 0.13]. 
The correlation coefficient was 0.93 (p < 0.001). 
Discussion 
Advantage of measuring regional ventricular work. In the 
present study, we used a new method for measuring regional 
ventricular work that has the following advantages over 
previously reported indexes of regional work (3-7): 1) All the 
variables necessary for calculating regional work can be 
easily measured clinically; 2) because the value of regional 
work is normalized to unit volume of myocardium, results 
obtained from hearts of differing size and wall thickness can 
be compared; and 3) in this new method, work is expressed 
in joules/cm3, a true dimension of work per unit volume of 
myocardium. 
Measurement of regional myocardial function is impor-
tant in cardiac diseases, such as coronary artery disease, 
that affect the myocardial inhomogeneously. For instance, 
many studies of coronary thrombolysis show improved 
regional function in the area of the infarct, yet global 
function is unchanged (17,18). This result probably occurs 
because compensatory increases in function in the uninfarc-
ted regions return to normal, whereas areas of reduced 
function also return toward normal, cancelling each other 
out. Until now, regional shortening fraction has usually been 
used to describe regional function. Regional work has po-
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Table 1. The Value of Regional Work, Total Work, Heart Rate and the Left Ventricular Ejection Fraction in the Study Patients 
Age (yr) 
& RWMs RWMp %~RW RWM x LVM TW HR LVEF 
Case Gender (mJ/cm3) (mJ/cm3) (%) (J) (J) (beat/min) (%) 
Group A (normal wall motion) 
59F 5.5 6.4 13 0.61 0.82 66 65 
2 44M 4.2 4.3 1 0.63 0.85 66 54 
3 43F 4.0 5.8 31 0.76 0.95 69 66 
4 53M 6.2 8.3 25 1.21 1.37 54 60 
5 52F 7.3 8.5 13 1.45 1.92 78 71 
6 59M 9.2 9.8 7 1.70 2.32 62 67 
7 57M 6.3 8.4 25 1.72 2.49 75 73 
8 34M 7.0 7.0 0 1.75 2.63 89 65 
9 43M 4.1 4.6 12 0.99 1.53 78 68 
10 59M 7.1 7.3 3 1.88 1.96 76 68 
Mean 53 6.1 7.0 13 1.27 1.68 69 66 
± SD 9 1.7 1.8" 11 0.50 "" 0.68 10 5 
Group B (anteroseptal infarct) 
11 51M -3.1 4.4 165 0.43 92 24 
12 64M 1.5 4.2 64 0.69 71 34 
13 43M 1.4 5.7 75 1.36 78 33 
14 55M 0.6 5.9 91 1.69 91 40 
15 52M 0.8 8.3 90 1.73 61 61 
16 64M 2.1 8.4 73 2.13 73 64 
Mean 55 0.6 6.1 93 1.34 78 43 
± SD 8 1.9 1.8b 37c 0.66 12 16 
Statistical significance compared with RWMs with use of paired t test: a = p < 0.005; b = p < 0.001. Statistical significance compared with %~RW in group 
A: c = p < 0.001. F = female; HR = heart rate; LVEF = ejection fraction of the left ventricle; M = male %~RW = percent difference in work between RWMs 
and RWMp (RWMp = 100%); RWMp = regional work of the posterior wall of the left ventricle; RWMs = regional work of the interventricular septum; RWM 
x LVM = average of RWMs and RWMp multiplied by the left ventricular myocardial volume; TW = total stroke work performed by the entire left ventricle. 
tential advantages over shortening fraction: 1) it should 
correlate better with oxygen demand, and 2) because work is 
the product of afterload (as expressed by stress) and short-
ening excursion, work accounts for afterload in its expres-
sion. Thus, work is a more precise measure of ventricular 
function than is shortening fraction, which does not account 
for loading conditions. 
Figure 5. The regional work of the interventricular septum (RWMs) 
and of the posterior wall of the left ventricle (RWMp) in the normal 
group (open circle) (n = 10) and the anteroseptal myocardial infarct 
(MI) group (closed circle) (n = 6). 
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Validation of our method. Regional work of the ventric-
ular wall cannot be validated directly. However, according 
to the law of conservation of energy, the total regional work 
produced by the myocardial volume of the left ventricle must 
correspond to the total mechanical work performed by the 
entire left ventricle (10). If a unit volume of myocardium in 
every part of the left ventricle performed the same amount of 
regional work, regional work mUltiplied by the left ventric-
ular myocardial volume must be equal to total mechanical 
work. In the normal group, we took the average of the septal 
regional work and posterior wall regional work (RWM) in 
each patient and multiplied it by left ventricular myocardial 
volume (L VM) (Table 1). Figure 6 shows the excellent 
correlation between (RWM x L VM) and total mechanical 
work, a finding that helps to validate the method. Although 
I 
(RWM x LVM) was linearly correlated with total mechan-
ical work, its value was smaller than that of total mechanical 
work. This result presumably occurred because wall stress is 
27% underestimated in a spherical model compared with an 
ellipsoid model in which the .ratio of minor and major axis 
was 0.5 (see Appendix). Therefore, we drew a theoretical 
line (dotted line, Figure 6) assuming that (RWM x LVM) is 
27% smaller than total mechanicSlI work ([RWM x LVM] = 
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y = 0.13 + 0.68x R = 0.93 
1 TW(J) 2 
Figure 6. Relation between the (RWM x L VM) and total work 
(TW) in the normal group (n = 10). (RWM x L VM) correlate well 
with total work (TW) (solid line). The dotted line is the (RWM x 
L VM) versus TW relation predicted if spherical wall stress under-
estimates ellipsoid stress by 27% (Appendix). The curved lines are 
the edges of the 95% confidence band for the actual (RWM x LVM) 
versus TW relation. LVM = left ventricular myocardial volume; 
RWM = average of regional work of interventricular septum 
(RWMs) and posterior wall of the left ventricle (RWMp); TW = total 
work performed by the entire left ventricle. 
0.73 TW). This line falls within the 95% confidence band of 
the regression relation between actual total work (TW) and 
(RWM x LVM), coinciding well with the regression line. 
This result further validates our methods of calculating 
regional work. 
Because the size of the infarct area is not the same as that 
of the area of normal myocardium, the simple average of the 
regional septal work and posterior wall work times the left 
ventricular myocardial volume would not correspond to the 
total mechanical work. Therefore, we did not attempt to 
correlate (RWM x LVM) with total work in the anteroseptal 
infarct group. 
Regional variation in ventricular work. Regional nonuni-
formity of wall dynamics in the normal left ventricle has 
been reported by several investigators using various tech-
niques. Kong et al. (19) observed, with biplane cineangiog-
raphy, a greater extent of shortening in the free wall than in 
septal regions. Shapiro et al. (20) also studied myocardial 
wall dynamics in different regions of the ventricle with 
M-mode echocardiography and found that the septum 
thinned and thickened more slowly than did the posterior 
wall. Haendchen et al. (21) quantitated regional differences 
in wall motion and wall thickening of the normal left ventri-
cle using two-dimensional echocardiography. They found 
that the mid wall circumferential fiber shortening at the mitral 
valve level in the anterior septum was less than that in the 
posterolateral wall (12.9 ± 3.3 versus 16.2 ± 3.3%). In our 
study in the normal wall motion group, the septal regional 
work was less than posterior wall regional work (6.1 ± 1.7 
and 7.0 ± 1.8 mJfcm3, respectively). However, the percent 
difference between septal and posterior wall regional work 
was relatively small in each case (range 0 to 31%; average 13 
± 11%). 
In the anteroseptai infarct group, however, the septal 
region work was greatly reduced and large differences ex-
isted between posterior and septal work. Although it is 
obvious that the infarct region does less work than the 
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normal muscle, the percent difference between regions var-
ied widely from 64 to 165% (average 93 ± 37%). One patient 
had a negative value for septal regional work, indicating that 
the work was done on the ventricular septum by the sur-
rounding region. In this case, biplane cineangiography of the 
left ventricle showed an anterior wall and septal aneurysm, 
and ejection fraction of the left ventricle was 24%. Although 
it was the thrust of our study to demonstrate the ability of 
regional work to be calculated in humans, future studies 
should focus on the sensitivity of the method to detect small 
reductions in regional function not detectable by other 
methods. 
Limitations. The accuracy of our method is limited by the 
accuracy in determining the mean wall stress. Ventricular 
wall stress cannot be measured directly but can only be 
calculated. According to the data of Gould et al. (22) in 
normal human hearts, the ratio of minor internal radius b to 
major internal radius a is 0.49 ± 0.04 at end-systole and 0.59 
± 0.04 at end-diastole (where the minor radius b lies in the 
equatorial plane and the major radius a is half the ventricular 
length). In a spherical model, mean wall stress is underesti-
mated by 28% compared with an ellipsoid model in which the 
ratio ofbfa is 0.49 and 25% compared with an ellipsoid model 
in which the ratio of bfa is 0.59 (see Appendix). Florenzano 
and Glantz (23) provide the data specifically comparing 
stress results, using the data of McHale and Greenfield (24), 
obtained from different geometric models of the heart. The 
ratio of the stress calculated in the ellipsoidal model to that 
calculated in the spherical one remains essentially constant 
(range 1.36 to 1.39) over the wide range of values of the ratio 
of the major to the minor axis bfa. Therefore, our assumption 
of the spherical geometry simply rescales stress, leaving 
relative changes unaltered. Moreover, because instanta-
neous measurement of the long axis of the left ventricle 
during a cardiac cycle is difficult in the human heart, it is 
practical to use a spherical model with a diameter equal to 
the short axis in calculating mean wall stress. When regional 
ischemia develops, local deformities may occur in the af-
fected area. In this case the assumption that the whole 
ventricle is spherical or ellipsoid may include a certain 
amount of error. If a region of the ventricular wall is 
assumed to be locally spherical or ellipsoid, our method can 
be applied to that region locally without any modification. 
For this purpose, however, a method of locally measuring 
the principal radii of curvature needs to be developed. 
Conclusions. Our new method enabled easy estimation of 
regional work of the left ventricle. In normal subjects, small 
differences in regional work existed between the septum and 
the posterior wall. In patients with anteroseptal myocardial 
infarction, large patient to patient differences existed in 
regional work of the septum, suggesting differing degrees of 
infarction. This method should be useful in assessing re-
gional myocardial function quantitatively. 
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Appendix 
Differences in wall stress between ellipsoid and spherical model. In an 
ellipsoid model, isotropic wall tension (T) calculated at the equator can be 
defined (8) as 
T = 112 (Te + T.p), [9] 
where T e and T.p are the circumferential and meridional components of wall 
tension at the equator, respectively, T e and T.p are calculated by the 
generalized Laplace's law, 
[10] 
and the force equilibrium acting on the equator 
[11] 
where r, and R, are the minor and major radii of curvature of the endocardial 
surface. Here, the minor radius (b) and major radius (a) of the ellipsoid gives 
r, = band R, = a%. Then, equations [10] and [I I] are 
T.p = (1/2) bp, [12] 
and 
[13] 
Therefore, T is expressed as 
T = 1/2(T e + T.p) = (3/2 - b2/2a2)(1/2)bp. [14] 
Here, if the left ventricle is assumed to be ellipsoid in which the ratio of bla = 
0.5, the wall stress (T = T/H = (3/2 - (0.5af/2a2)(1/2) bp/H = 1118 (112) bp/H. 
In the spherical model, a = b, then (T = 112 bp/H. Therefore, the percent 
difference of the wall stress between these models is (1118 - 1)/(11/8) x 100 = 
27%. 
We express our appreciation to Linda Paddock for excellent secretarial 
assistance in preparing this manuscript. 
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